The wear behaviour of Aluminium Metal Matrix Composite (Al MMC) and a commercial grey cast iron have been investigated using a pin on disc machine while sliding against an automotive brake shoe lining material. The wear tests have been carried out using pin as commercial brake shoe lining material and discs as A356/25SiC p Al MMC and grey cast iron materials. The Al MMC disc has been manufactured by stir casting technique using A356 aluminium alloy and 25% silicon carbide particles. From the brake drum of a passenger car, the grey cast iron disc has been machined. Pins of 10mm diameter have been machined from a commercial brake shoe lining of a passenger car. The wear behaviour of Al MMC and the grey cast iron have been investigated at different applied loads, sliding velocities and sliding distances. Mathematical models have been developed to predict the wear rate using a linear factorial design approach.
INTRODUCTION
Metal matrix composites have great potential in industry, as they have excellent mechanical properties and wear resistance. Particulate reinforced composites are one such material, wince they are also isotropic and can be manufactured through conventional processes used for metals. Thus silicon carbide reinforced aluminium composites are increasingly used as substitute materials for cylinder heads, liners, pistons, brake rotors and calibers /I-5/ in the automobile industry. The addition of low volume fraction of SiC particle (up to 8%) to ΑΙ-Si alloys significantly ' For correspondence (Email: irus_rajendran@yahoo.co.in) reduced the wear rate and the wear resistance has been found to increase with percentage of reinforcement 161.
Investigations carried out on pin on disc machine using aluminium alloy have shown that the wear rate has been increased with applied load and sliding velocity 111. A statistical approach has been used to predict the wear of aluminium and its composites using a factorial approach as a function of applied load and abrasive particles /8/. The wear and frictional behaviour of the brake drum and the SM lining are very complex and are characterised by non- graphite iron has been found to have more wear resistance /11/. In all the above literature, tests have been conducted by using MMC specimen as pin and hard steel disc as counter face. The above tests may not reflect the real wear behaviour in case of MMCs used for brake rotor applications. In these applications, the rotor material slides against automotive friction material and the friction coefficient are also high. Under these circumstances, a real study is needed to study the actual wear behaviour of these MMCs sliding against automotive friction lining. The comparative study on wear resistance of MMC and the white cast iron have shown that the MMCs are better alternative materials for white cast iron normally found in wear applications /12/. The dry sliding wear of particulate reinforced aluminium alloys against automotive friction materials has shown that the specific wear resistance of MMC is higher than aluminium alloy and cast iron /13/. The tribological contact surfaces of organic brake pad have shown that the increase in contact area results in an increased friction coefficient /14/. The tribological characteristics of Cu based silicon carbide reinforced MMCs synthesised from copper coated SiC particles have shown that the Cu/SiC P MMC material found to have more wear resistance than cast iron while sliding against friction material /15/. The resistance to wear has been found to reduce with increase in temperature and applied load when the specimen is tested using block on disc apparatus /16/. The investigations have also shown that the wear resistance of Al MMC brake rotors is superior to those of cast iron rotor, if the structure and the composition of lining material are correctly modified. While testing the abrasive wear of as cast ductile iron using abrasive wear tester it is observed that the wear resistance reduced with increase in temperature /17/. But in all these investigations the real contact nature of brake rotor and lining material has not been used. Hence, in the present investigation, cast iron and the MMC materials have been used as discs and the commercial brake lining material has been used as pin. The influence of applied load, sliding velocity and sliding distance on the wear rate of cast iron and MMC sliding against lining pin material has been investigated.
MATERIALS FOR WEAR TEST
The wear behaviour of conventional brake drum material and the candidate MMC material have been investigated using a pin on disc machine while sliding against automotive friction material. The disc material for cast iron and the MMC used for the test are shown in Fig. 1 and Fig. 2 respectively. The cast iron disc is machined from a passenger car brake rotor. The inner diameter, the outer diameter and the thickness are 180mm, 140mm and 4mm respectively. The surface is machined to an average roughness value of 1.5μιη which is same as the roughness value of the sliding surface of the actual commercial brake rotor. The composition of the cast iron and aluminium alloy is shown in Table 1 and Table 2 respectively. The MMC disc has been manufactured through stir casting. A-356 aluminium alloy has been used as matrix and 25% silicon carbide particles of 43μιη size as reinforcement. The alloy has been melted in an electric furnace up to a temperature of 750°C. When it reaches the molten state a stirrer driven by a motor has been introduced into the molten metal and a vortex has been created on the top surface. The calculated (25% by weight) amount of preheated SiC particles has been uniformly added and the stirring was continued. The composite slurry has been poured into a preheated cast iron mould.
The solidified casting has been removed and subjected to T6 heat treatment. The micro structure of the MMC is shown in Fig.9 (iii). The casting has been finished to a size of outer diameter, inner diameter and thickness as 180mm, 110mm
and 5mm respectively. The composition of the aluminium alloy is shown in Table 2 . A commercial semi-metallic brake shoe lining material of a passenger car is used as the pin for the wear test. The pin is machined and mounted on a 10mm diameter rod as shown in Fig. 3 . The surface is polished by using A320 emery paper. The surface is cleaned before the start of every experiment.
FORMULATION OF MATHEMATICAL MODEL
The design of the experiment has been used to predict the wear rate of cast iron and MMC materials. The linear factorial design of type P" has been used in the present investigation, where 'P' corresponds to the number of levels and 'n' to refers the number of factors. In this investigation, the applied load in Newtons, the sliding velocity in m/s and the sliding distance in metres are used as three factors and each factor is assumed to have two levels. So, the total number of trial running for each material is eight. 
where ao is the response variable at the base level, a u a 2 , a 3 are the response variables associated with applied load, sliding velocity, sliding distance and a 4i a 5 , a 6j a 7 are interaction coefficients between x, and x 2> x 2 and x 3 , X! and x 3 and χ, x 2 and x 3 respectively and x u x 2 and x 3 are the coded values of applied load, the sliding velocity and the sliding distance respectively. The response variables are estimated using a Minitab computer package. The positive value of 'W' shows the weight loss while its negative value indicates weight gain. The positive value for any response variable
indicates that the wear rate of material increases with their associated variables while their magnitude gives the weight of these factors.
EXPERIMENTAL PROCEDURE
The wear tests have been conducted on a Ducom pin on disc machine. The disc machined from the commercial grey cast iron disc has been mounted on the machine. The lining material in the form of pin has been fixed on a holder, which has a provision for applying the load. A balance having an accuracy of 0.1 mg with a maximum weighing capacity of 200g has been used to find the mass of cast iron disc and the MMC disc. The machine has been connected to a controller and a computer to control and measure sliding velocity, applied load and sliding time. The disc has been weighed before and after each test and the weight loss has been used as the measure of wear. The wear tests have been conducted by varying the applied load and keeping the speed and sliding distance as constant. The above procedure is repeated for different speeds and sliding distances. The same tests have been repeated for the candidate MMC disc material. To investigate the wear mechanisms and characteristics of transfer layer, the worn debris and the wear tracks have been analysed using optical micrographs.
Wear of cast iron sliding against friction material
The wear rate of cast iron has been determined from several tests conducted at different loads and speeds. The wear rate has been measured by changing the applied load on the lining pin and by keeping the sliding speed and the sliding distance as constants. The variation of wear with load for cast iron disc sliding against friction lining is shown in Fig. 4 .
The wear is low at lower value of applied loads and increases with load. The wear is due to the nature of contact of the sliding couple. At lower loads, the contact plateaus and the temperature rise are low. So at lower loads, reduced wear is observed. As the applied load is increased, the wear loss is found to increase. Higher wear rate has been observed for the maximum load. The wear rate has been found to increase with sliding velocity. The same trend is also observed for the increased sliding velocity. As the sliding velocity is increased, the transfer film is destroyed at faster rate and new film is to be formed to compensate for this, thereby enhancing the wear. The higher contact temperature developed during high load and sliding velocity at the friction surface destroys the transfer film at faster rate causing more wear.
To study the combined effect of these variables, these results are subjected to factorial design. An empirical relation has been, formed to determine wear rate as a function of applied load, sliding velocity and sliding distance. The upper and the lower levels of variables and their corresponding values are given in Table 3 . The matrix design values for calculating the coefficients of equation (1) are shown in The linear regression equation for the cast iron while sliding against friction material can be expressed as W = -0.565 + 0.00866*1 + 0.042* 2 +0.0006*3 ~0.007*I* 2 -0.00001* 2 *3 -0.00007*3*! +0.00001^*2*3
By substituting the coded values, the wear rate for any condition can be calculated. A variation of 2% has been observed between the theoretical and the experimental values. Fig. 4 shows the experimental and the theoretical variation of wear rate with load.
Wear of MMC against friction material
The wear of MMC sliding against the friction material is determined for various loads and sliding velocities. The variation of wear with applied load is determined by keeping the load and the sliding velocity as constants. The same experiment is repeated for different sliding velocities. The wear is found to increase with applied load at a slower rate as shown in Fig. 5 .
For increase of sliding velocity, the wear is found to increase and it is shown in Fig. 6 . In the case of MMCs, it is observed that the surface film is formed on both the sliding surfaces but more at the MMC surface 
Wear comparison of Cast iron and MMC
The comparison of wear of cast iron and the MMC sliding against the friction material under identical conditions are shown in Fig. 6 -Fig. 8 . In all these cases, the wear is found to increase with applied load and sliding velocity. For
MMCs, the wear rate has been found to be low, because of the presence of the hard SiC particles present in the MMC which acts as the load bearing member and abrasive nature. The variation of wear with sliding velocity for cast iron and the MMC are shown in Fig. 6 -Fig. 8 . In all these comparisons, the wear is found to be more for the cast iron material. 
Optical Micrographs
The optical micrographs of the contact surfaces of cast iron, the MMC and the SM lining material are analysed before and after the wear test. The contact surface of cast iron before wear test is shown in Fig. 9 (i) . The optical micrograph of the contact surfaces after sliding over a distance of 2000 metres for an applied load of 40 Ν and a sliding velocity of 3.7m/s is shown in Fig. 9 (ii). The optical micrograph of the MMC before and after wear test is shown in 
CONCLUSIONS
The following conclusions can be drawn from the aforementioned experimental results. The factorial design can be successively used to predict the wear rate of cast iron and MMC, while sliding against friction material. Linear equations can be arrived from the selected experimental results and used to determine the wear rate at various input conditions. The wear of cast iron has found to increase with applied load, sliding velocity and sliding distance. The wear rate of MMC has been observed to be lower than the cast iron. Since MMC has more wear resistance, it can be a better candidate material for the brake drum applications. The sliding velocity has less influence on the wear. The wear comparison study has shown that the MMC is a more suitable candidate material for brake drum/rotor applications. 
